The role of magnetic fields in the early stages of star formation is not well constrained. In order to discriminate between different star formation models, we analyze 3D magnetohydrodynamic simulations of low-mass cores and explore the correlation between magnetic field orientation and outflow orientation over time. We produce synthetic observations of dust polarization at resolutions comparable to millimeter-wave dust polarization maps observed by CARMA and compare these with 2D visualizations of projected magnetic field and column density. Cumulative distribution functions of the projected angle between the magnetic field and outflow show different degrees of alignment in simulations with differing mass-to-flux ratios. The distribution function for the less magnetized core agrees with observations finding random alignment between outflow and field orientations, while the more magnetized core exhibits stronger alignment. We find that fractional polarization increases when the system is viewed such that the magnetic field is close to the plane of the sky, and the values of fractional polarization are consistent with observational measurements. The simulation outflow, which reflects the underlying angular momentum of the accreted gas, changes direction significantly over the first ∼ 0.1 Myr of evolution. This movement could lead to the observed random alignment between outflows and the magnetic fields in protostellar cores.
INTRODUCTION
Magnetic fields have long been thought to be significant in regulating star formation (Shu et al. 1987; McKee et al. 1993) , but their influence during the gravitational collapse of a dense core remains unclear. The collapse of clouds to form stars is regulated by a combination of magnetic and turbulent support, which act against gravity. The significance of magnetic forces is quantified by the mass-to-flux ratio, M Φ = M/Φ, or the ratio of the gravitational potential energy to magnetic energy (B 2 /8π). A cloud must be super-critical (M Φ > 1), i.e., the gravitational energy must exceed the magnetic energy, for a protostar to form (Crutcher 2012) . A sub-critical cloud (M Φ < 1) is magnetically supported and therefore will not collapse.e.g., A variety of prior observations have informed our current understanding of magnetic fields in star formation. Polarimetric observations provide evidence of magnetic fields in molecular clouds and nebulae, as oblong dust grains tend to be aligned by magnetic fields (e.g., Lazarian 2007) . Observations of background starlight polarization, caused by absorption by aligned dust grains, include studies of the Musca Dark Cloud (Pereyra & Magalhães 2004) , the Pipe Nebula (Franco et al. 2010 ) and the Lupus I molecular cloud (Franco & Alves 2015) . Studies in the (sub)millimeter regime have analyzed polarized ther-mal emission from aligned dust grains, and span spatial scales from molecular clouds (Planck Collaboration et al. 2015a,b,c) to protostellar cores (Matthews et al. 2009; Dotson et al. 2010) , envelopes (Girart et al. 2006; Girart et al. 2009; Stephens et al. 2013; Hull et al. 2013 Hull et al. , 2014 Zhang et al. 2014) , and protostellar disks (Stephens et al. 2014; Rao et al. 2014) .
Investigations into magnetic field orientations across spatial scales provide additional insight (e.g., Li et al. 2009; Alves et al. 2014) . Li et al. (2009) used optical backgroundstarlight polarimetry to probe field morphology on cloud scales (200 pc) and sub-millimeter dust polarimetry to probe fields on much smaller core scales (a few × 0.1 pc). They showed that magnetic-field orientations are broadly consistent from cloud-to core-scales.
A second, related open problem in star formation concerns the evolution of angular momentum from large to small spatial scales (McKee & Ostriker 2007) . Magnetic torques can provide an efficient braking mechanism and thus remove angular momentum on small scales (e.g., Mestel 1985) . At intermediate scales, star-forming cores are observed to have rotation Chen et al. 2007; Tobin et al. 2011) , which may be influenced by the geometry of the local magnetic field (Dib et al. 2010) . However, it is not clear whether the angular momentum vector of the dense gas typically aligns with the magnetic field direction on < 1 pc scales. On sub-AU scales the magnetic field is essential to launching and collimating outflows, although the exact mechanisms are disputed (Frank et al. 2014; Li et al. 2014) .
In the case of tight alignment between the rotational axis and magnetic field orientation, outflows would be aligned with the field, i.e., perpendicular to a rotationally supported disk. Where there are strong fields, this aligned scenario restricts the formation of disks, resulting in the "magnetic braking catastrophe" (e.g., Allen et al. 2003) . In contrast, disk growth is promoted by misalignment between the field and rotation axis (Hennebelle & Ciardi 2009; Joos et al. 2012; Krumholz et al. 2013; Li et al. 2013) and by non-ideal MHD effects such as ambipolar diffusion and Ohmic dissipation (e.g., Dapp & Basu 2010; Li et al. 2011; Dapp et al. 2012; Machida & Hosokawa 2013; Tomida et al. 2013) .
The distribution of the alignment of the rotation axis and the magnetic field direction in dense gas is as yet unknown. Observational studies have reached different conclusions regarding the alignment of fields and outflows in cores, where the outflow is used to trace the angular momentum direction of the star and the disk. Tight alignment between the outflow and magnetic field orientations has been found in studies like that of Chapman et al. (2013) , who mapped polarization towards Class 0 protostars on ∼ 10,000 AU scales. However, interferometric results from a survey by CARMA (the Combined Array for Research in Millimeter-wave Astronomy) on ∼ 1000 AU scales showed that outflows and magnetic fields are not tightly aligned but may be randomly aligned (Hull et al. , 2014 . This indicates that the magnetic field behavior may change across spatial scales.
Given the observational expense and technical difficulty of studying magnetic fields, only a handful of high resolution surveys have been performed. Therefore, in search of an explanation of these results, we turn to simulations that contain full physical information at much higher resolutions than observations. For a meaningful comparison with observations we model emission via radiative transfer, creating a "synthetic observation" (Goodman 2011) .
Although a variety of studies have created synthetic observations of simulations (e.g., Offner et al. 2008; Goodman 2011; Offner et al. 2011) , only a few studies exist of synthetic magnetic field observations of cores modeled with full 3D magnetohydrodynamics (MHD) Tomisaka 2011; Frau et al. 2011; Kataoka et al. 2012; Li et al. 2015) . In this investigation, we perform radiative transfer on 3D MHD simulations that include both radiative and outflow feedback. To understand the alignment (or lack thereof) between outflows and magnetic fields, we measure the average magnetic field orientations in synthetic dust polarization maps and the outflow direction from visualizations, and compare the synthetic results with observational studies.
We produce visualizations and synthetic observations of two simulations of low-mass young stellar objects (YSOs) with differing mass-to-flux ratios. By viewing the simulations at different angles and times, we generate a survey of synthetic "sources." We compare the polarization fractions of the synthetic maps with polarization fractions from observations. We also produce cumulative distribution functions (CDFs) of the angle between the outflow and magnetic field direction. Finally, we examine the origin of random alignment and the evolution of outflows over time.
We first present the details of the numerical simulations ( §2.1). We then explain the post-processing and the generation of synthetic dust polarization ( §2.2 & §2.3). We present the results ( §3) before discussing conclusions and future work ( §4).
METHOD

Numerical Simulations
We analyze two ideal MHD simulations of isolated, collapsing cores run by Offner et al. (in prep) . The simulations were performed using orion, which solves the partial differential equations of MHD on an adaptive mesh refinement (AMR) grid (Li et al. 2012 ). In the ideal approximation the gas and field are treated as perfectly coupled. The simulations follow the collapse of a dense core, the subsequent formation of a protostar, and the interaction of the protostar with its surroundings through radiative feedback and a bipolar outflow.
The initial conditions and parameters are nearly identical to those described in Offner et al. (2016) , a study that focused on initial turbulent realizations that produced long-lived binary or multiple systems. The initial configuration consists of a uniform-density spherical core of cold gas (10 K) surrounded by a warm (1000 K) lowdensity medium. The initial density of the cold gas is 2.38 × 10 −19 g cm −3 . The initial core has a mass of 4 M a radius of 0.065 pc. The initial magnetic field is uniform and vertical in the z-direction. At t = 0, the gas in the core is perturbed with a turbulent random velocity field, which is normalized to satisfy the input velocity dispersion (0.46 km s −1 ). The initial turbulence is allowed to decay, with no further external energy injection.
The initial base grid resolution is 64 3 , but the dense core is refined by two additional levels via a density threshold refinement criterion. As the gas collapses, additional AMR levels are inserted when the density exceeds the Jeans condition for a Jeans number of J = 0.125 (Truelove et al. 1997 ). The gas is also refined on radiation energy density gradients according to ∆E r /E r > 0.15 and by up to two levels if ∆ρ/ρ > 0.6, conditions which allow the warm circumstellar region and outflow cavity to be well-resolved. Each subsequent level increases the cell resolution by a factor of 2.
When the Jeans condition is violated on the fifth level, a sink particle is added (Krumholz et al. 2004 ). The sink particle includes a sub-grid model for radiation feedback and outflow launching (Offner et al. 2009; Cunningham et al. 2011a ). The outflow is launched via an X-wind model based upon Matzner & McKee (1999) , such that f out = 0.2 of the accreting material is launched in an outflow (e.g., Cunningham et al. 2011b; Hansen et al. 2012; Offner & Arce 2014; Myers et al. 2014) . Without such a model, outflows produced in magnetized simulations with resolutions coarser than 1 AU are slow and not well collimated or absent altogether (Seifried et al. 2012; Machida & Hosokawa 2013; Kataoka et al. 2012; Joos et al. 2013) .
The model defines the outflow axis to be parallel to the net angular momentum vector of the protostar, which is set by the protostellar accretion history (for details see Fielding et al. 2015) . The outflow velocity is given by the Keplerian velocity near the protostellar radius:
3, m p is the instantaneous protostellar mass, and r p is based on a stellar evolution model that incorporates the internal state and accretion history of the protostar (Offner et al. 2009 ). The opening angle, θ p , over which the outflow momentum is distributed on the grid, is a free parameter. However, it is constrained by observed outflow properties, and we adopt θ p = 0.01, which appears typical for low-mass protostellar outflows (Matzner & McKee 1999; Cunningham et al. 2011b ). Offner & Arce (2014) vary θ p and f out and find that they have a mild impact on the overall star formation efficiency and outflow characteristics. However, these parameters do not solely determine the outflow properties; the interaction between the outflow and turbulent core envelope also impacts the large-scale outflow properties (see also Offner et al. 2011; Joos et al. 2013) . Here, the outflow direction is set by the angular momentum of the accreted turbulent gas (Offner et al. 2016) . Since turbulence within the core is in turn regenerated by the outflow as shown by Offner & Arce (2014) , the outflow and turbulence are inter-dependent and evolve in tandem.
In our study we analyze two simulations with mass-toflux ratios of M Φ = 2.5 and M Φ = 1.5, which we coin "S2.5" and "S1.5." These correspond to initial magnetic field strengths of B = 41 µG and B = 68 µG, respectively. Each calculation evolves until shortly after 0.5 Myr. The protostar forms around 0.25 Myr in S2.5 and 0.35 Myr in S1.5. S2.5 forms a second protostar; however, its mass remains small ( < 0.1 M ). At 0.38 Myr the secondary approaches within ∼ 200 AU of the primary and merges with it.
Post-processing
We render the 3D solutions into 2D projection plots of density, magnetic field, and energy density using the Python toolkit yt (Turk et al. 2011) .
In order to trace the outflow direction of the system at various time steps, we produce projections of the energy density from different viewing angles. For each time step we view the outflow from the positive x-, y-, and z-directions. By viewing the synthetic sources from orthogonal perspectives we eliminate biased projections, mimicking the effects of observing the system isotropically. We also examine the impact of system orientation on the perceived direction of the outflow by considering small changes in viewing angle; we view the system at θ = 0
• , 30
• , and 90
• , where θ = 0 • corresponds to the view of the x-y plane from the direction of the z-axis ("face-on") and θ = 90
• corresponds to the view of the x-z plane from the direction of the y-axis ("edge-on"). (See Figures 3 and 4. ) Thermal dust polarization probes the magnetic field in the plane of the sky; therefore, we first create visualizations of the raw magnetic field data by calculating the 2D magnetic field direction in the plane of the sky from the 3-component magnetic field. The magnetic flux at each point in the grid is calculated by summing along the line of sight and dividing by the data resolution. This, combined with visualizations of the column density, provides information on the magnetic field orientation and total dust continuum (Stokes I) emission before radiative transfer. By combining a series of visualizations over a period of time, we observe the changes in magnetic field morphology over the course of the protostar's lifetime.
Synthetic Dust Polarization (Radiative Transfer)
We process the simulation data using the ray-tracing radiative transfer code DustPol (Padovani et al. 2012) , which is part of the "Adaptive Radiative Transfer Innovations for Submillimeter Telescopes" (ARTIST) package.
ARTIST is based on LIME (Line Modeling Engine) (Brinch & Hogerheijde 2010) , a non-local thermodynamic equilibrium (LTE) Monte Carlo radiative transfer code that allows adaptive 3D ray-tracing. LIME reads in values of x, y, and z in a Cartesian co-ordinate system and requires density and 3-component magnetic field information for every point in the cube.
The ray-tracing algorithm generates a Delaunay grid that allows adaptive smoothing. The grid is defined by the number of grid points and sink points. The grid points are distributed inside the model, which returns smoother results with a higher number of grid points. The number of sink points defines the chosen points on the surface, i.e., the surface density. More time is needed for a larger number of points; however, under-sampling creates artifacts in the image. We tested grids with different numbers of sink points and grid points to check for artifacts, converging on a Delaunay grid of 10,000 grid points and 6000 sink points.
We generate images in a range of sizes, including scales comparable to those typically viewed with CARMA (≈ 1000 AU). For our dust emission models, we set an object distance of 140 pc-approximately the same distance as the Ophiuchus molecular cloud.
The input tables of simulation data have physical spatial resolutions that are comparable to those of CARMA observations of objects at the given distance. We use a 512 × 512 grid of pixels with a pixel resolution of 0.7 , smoothed to an image resolution of 3 , which is comparable to the 2.5 beam size of the observations. We use a frequency of 245 GHz, which is near the center of the 210-270 GHz bandwidth of the CARMA polarization system (Hull & Plambeck 2015) .
The radiative transfer model assumes a fixed gas-todust ratio of 1:100; we specify dust opacity values from tables calculated using the coagulation models detailed in Ossenkopf & Henning (1994) for thin ice-mantles and gas densities on the order of ∼ 10 5 cm −3 . We use a maximum grain alignment efficiency of 15% for gas densities with H 2 number density n < 10 12 cm −3 (Padovani et al. 2012) . In dense regions with n > 10 12 cm −3 the model assumes no alignment. We expect alignment everywhere because the input densities do not exceed 10 12 cm −3 . As noted in Padovani et al. (2012) , while a maximum grain alignment efficiency of 15% leads to values of the maximum polarization fraction that are consistent with observations, it is still fundamentally an arbitrary parameter. For both our edge-on and face-on simulations, we have explored the dependence of maximum polarization fraction on the maximum grain alignment efficiency (see Figure 10 in the Appendix). LIME returns three image slices corresponding to the Stokes I, Q, and U parameters (the total dust continuum emission and linearly polarized components, respectively). We reconstruct these parameters into a Stokes I (total dust emission) contour map and an array of polarization orientations with polarization angle, χ, defined as
We define the magnetic field orientation to be perpendicular to the polarization orientation (Lazarian & Hoang 2011) .
2.4. Synthetic CO Observations We complement our outflow identification by producing synthetic maps of 12 CO(2-1), a line commonly used to identify molecular outflows. We use radmc-3d 5 to perform the line radiative transfer. We adopt the non-LTE large velocity gradient (LVG) approximation and use the molecular excitation and collisional data from the Leiden atomic and molecular database (Schöier et al. 2005) .
For the radiative transfer step, we flatten the AMR data to a uniform 256 3 grid for a region of 0.065 pc (∆x =52 AU). To convert the simulation mass densities to CO densities, we adopt an abundance of 10 −4 CO per H 2 (e.g., Offner & Arce 2014). The CO abundance for gas with temperatures > 800 K is set to zero to account for CO dissociation in the ionized jet. The CO abundance is also assumed to be zero for densities n H2 > 2 × 10 4 cm −3
to account for CO freeze-out onto dust grains in cold dense gas. The spectral cube velocities span ±10 km/s with a channel width of dv =0.08 km s −1 .
RESULTS
In order to compare the alignment of outflows and magnetic fields, we consider only the portion of the simulation data that corresponds to the youngest class of YSOs, namely, Class 0 objects (Lada & Wilking 1984) . These are defined as protostars with spectral energy distributions that peak at sub-millimeter wavelengths (λ > 20 µm) and whose total mass is expected to be dominated by the envelope (i.e., M env >> M protostar ) (Lada & Wilking 1984; Wilking 1989) ). However, the protostellar mass cannot be measured directly and the SED classification depends strongly on the viewing angle (Robitaille et al. 2007; Offner et al. 2012) . Class 0 objects are associated with the main accretion phase, exhibit strong and centrally condensed dust continuum emission, and have clear bipolar outflows (Andre et al. 2000; Dunham et al. 2014) . The last of these was a selection criterion of the Class 0 sources observed by Hull et al. (2014) . Since the Class 0 lifetime is estimated to last ∼0.1 Myr (Evans et al. 2009 ), these sources are on average very young.
We render the visualizations and synthetic observations for each time step in the simulations from a number of different viewing angles. The face-on and edge-on views of the system are θ = 0
• and θ = 90
• , respectively (see Figure 1 for a schematic of the viewing orientations). Figure 2 shows examples of face-on (top row) and edge-on views (middle and bottom rows) of S1.5 at t = 0.353 Myr. The right panels show synthetic thermal dust polarization and emission maps (see §2.3). The corresponding column density and projected magnetic field maps are on the left. The magnetic field orientations from the synthetic dust polarization maps are consistent with the magnetic field in the raw simulation visualizations. Features in column density also appear in the Stokes I maps from DustPol.
In the top row of Figure 2 , which shows the face-on view of the magnetic field, there is no clear overall magnetic field orientation. In contrast, edge-on views from the yand x-directions (middle and bottom rows of Figure 2 , respectively) show that the magnetic field morphology is vertical when viewed from both of these orthogonal edge-on views. We have produced additional edge-on synthetic observations using intermediate values of θ (not pictured here). Due to the initial azimuthal symmetry of the simulation and the fact that the initial magnetic field is in the z-direction, we find that all edge-on views look very similar.
There are also hints of the characteristic "hourglass" morphology in the edge-on views. This is similar to observations of hourglass-shaped fields in sources such as NGC 1333-IRAS 4A (Girart et al. 2006 ) and L1157 (Stephens et al. 2013; Hull et al. 2014) , where gravitational collapse of a strongly magnetized protostellar core is expected to pinch magnetic field lines.
Polarization Fraction
To explore projection effects, we render projected energy density maps and synthetic polarization maps at viewing angles θ = 0
• and 90
• , where θ = 0
• corresponds to the face-on view and θ = 90
• corresponds to the edge-on view from the y-direction. Figure 3 shows the orthogonal viewing angles along x, y, and z. Figure 4 shows the views from 30
• , 45
• , and 60
• (top to bottom). We present the synthetic dust polarization maps in the left panel with their corresponding energy density projections on the right.
We calculate the average value of polarization fraction for each dust polarization map by averaging the magnitude of the polarized intensity. The average polarization fraction,P frac , is sensitive to the weighting scheme used to derive it. Also, the locations of the peak intensities of the total and polarized emission are not the same for every source (this is the case for both our synthetic observations as well as real observations). Therefore, the fractional polarizationP frac is calculated using the mean (total) intensity,Ī, and mean polarized intensity,P , across the whole source:P frac =P /Ī. We apply the cutoff conditions P > 3 σ P and I > 3 σ I , where σ P is the rms noise of the polarized intensity (σ P ≈ σ Q ≈ σ U ) and σ I is the rms noise of the total intensity. As is generally the case for real observations, we measure both σ P and σ I in regions of our synthetic observations that are far from the central 5, 7, 10, 14, 20, 28, 40, 56, 79, 111, 155 , and 217 ×σ I where σ I is the rms noise in Stokes I. Green line segments: magnetic field orientation (perpendicular to polarization orientation). Grayscale background: polarization fractionP frac (%) shown with a power law (γ = 2). The orange double-headed arrow shows the outflow orientation. The small, black, double-headed arrow in the bottom-right of each synthetic observation (right-hand panels) indicates the average (unweighted) magnetic field orientation. Figure 3 . From top to bottom: the x-y plane (face-on), x-z plane, and y-z plane (both edge-on) viewed from z, y, and x directions respectively. Left: synthetic dust polarization maps of S2.5 at t = 0.286 Myr, plotted in the same manner as the right-hand panels in Figure  2 . The outflow direction was not discernible in the face-on view. Right: the corresponding energy density, where high energy densities in pink indicate the location of the outflow.
source. Positive bias affects polarization measurements because Stokes Q and U parameters can take either positive or negative values, but polarized intensity is always positive. This bias can be corrected using the methods outlined in Vaillancourt (2006) and Hull & Plambeck (2015) . We have not corrected for this bias in our polarization measurements; however, we neglect measurements at low signal-to-noise where the bias is significant, i.e., wherē P < 3 σ P .
We compare the fractional polarization in the synthetic dust polarization maps across various inclination angles. In Figure 5 , we plot the polarization fraction as a function of viewing angle, for 0
• (face-on), 30
• (edge-on). The data include the synthetic sources in the Class 0 regime from both simulations. However, we ignore cases where the outflow is not distinguishable clearly by eye because the comparable observational study selected sources on the basis of clear bipolar outflows. Figure 5 shows that the sources with a higher initial mass-to-flux ratio (weaker magnetic field) have lower fractional polarization as well as a smaller range of polarization fraction values over time. These less magnetized sources are also less affected by inclination angle and exhibit a smaller gradient in polarization fraction vs. viewing angle in all cases. In the highly magnetized case, the gradient ofP frac from low to high inclination angles is much steeper for all times. This increase in polarization fraction as a function of inclination angle is consistent with the findings of Kataoka et al. (2012) , who performed synthetic observations of rotating, magnetized, non-turbulent protostellar cores. We analyze a sample of 126 views 6 from the two simulations that are equally distributed in time and are from a variety of viewing angles (i.e., the three orthogonal directions x, y, z as well as views with inclination angles of 30
• , and 60 • ). There were 89 high-polarization views, 31 low-polarization views, and 6 non-detections. As in the CARMA survey, the cutoff between low and high polar- Normalized frequency CARMA P1.5 P2.5 Figure 6 . Histograms of the polarization fraction of the "sources" from the two simulations discussed in Section 3.1, and from the CARMA TADPOL survey (Hull et al. 2014 , Table 1 ). The dotdashed and the dashed histograms correspond to the various views of the strongly magnetized (S1.5) and weakly magnetized (S2.5) simulations, respectively. The solid histogram comprises data from the TADPOL survey, and includes low-mass (Class 0, 0/I, or I) sources with polarization fraction detections above the 1.3% CARMA detection limit.
ization is defined asP frac = 3%, and non-detections are views withP frac < 1.3% (i.e., below the detection limit of the survey). Of the 89 high-polarization views, 31 lie above the maximumP frac = 5.8% detected by CARMA in a low-mass protostellar source.
The non-detections are all face-on views from S1.5. A source with a perfectly vertical magnetic field would appear to have no magnetic flux when viewed along the field lines (i.e., when viewed from the face-on direction in our simulations). This is true at the outset of both simulations. However, in a highly magnetized source, the strong magnetic field better retains its vertical structure over time compared with a less magnetized source. This could explain why face-on views from S1.5 are not detected, but those from S2.5 are.
The 31 cases that lie above the maximumP frac detected by CARMA (5.8%) are all from views with inclinations that are close to edge-on, which suggests that sources observed to have high polarization fractions are likely to have ordered magnetic fields that lie close to the plane of the sky.
To illustrate the general trends in polarization fraction, in Figure 6 we have plotted histograms of the polarization fraction for the S1.5 views, the S2.5 views, and the data from the CARMA TADPOL survey. As we note in Section 2.3, it is important to remember that the fractions of high-and low-polarization views that we quote above will scale with the grain alignment efficiency (see the Appendix). Assuming that 15% is a reasonable value for the maximum grain-alignment efficiency, we see that the strongly magnetized simulation (S1.5) has far more high-polarization "sources" than either the weakly magnetized simulation (S2.5) or the CARMA data, suggesting that S1.5 may be more strongly polarized than typical protostellar sources such as those observed by Hull et al. (2014) .
We also investigate the time evolution of the polarization fraction and find that the polarization fraction tends to increase with time, particularly in the S2.5 case. This is illustrated in Figure 5 by the color of the lines. The color bar on the right shows the age of the protostar in Myr. The oldest protostars (blue) have higher polarization fractions than the younger protostars (red). In contrast, observed Class I and Class II sources, which are expected to be older on average than Class 0 sources, tend to have lower polarization fractions, suggesting that either magnetic fields become less orderly over time or that magnetic fields weaken due to non-ideal MHD effects.
Many of the synthetic observations show the fractional "polarization hole," a well known phenomenon where the polarization fraction drops at the dust emission peak. Examples that show the polarization hole include the central and bottom panels of Figure 4 . This appears in both high-(2.5 ) and low-resolution (20 ) observations (Dotson 1996; Girart et al. 2006; Liu et al. 2013 ) and simulations (Padoan et al. 2001; Lazarian 2007; Pelkonen et al. 2009 ). Three possible reasons and explanations are discussed in Hull et al. (2014) . First, where the magnetic field is ordered along the line of sight due to turbulence or rotation, averaging along the line of sight reduces the overall polarization fraction. Second, the plane-of-sky magnetic field could have structure on scales < 2.5 that cannot resolved by CARMA; this plane-of-sky averaging would also reduce the polarization fraction. Finally, it is possible that poor alignment of grains at the center of the cores could arise due to less efficient grain alignment in regions of high extinction or collisions which knock grains out of alignment at high densities.
Outflows
For each output, we calculate the outflow orientation and average magnetic field orientation viewed from different viewing angles and compare them. We ignore cases where the outflow is not clearly distinguishable by eye as these are unlikely to be identified in observations. We define the outflow angle using the average orientations of the primary bipolar lobes, and we define the magnetic field orientation as the unweighted circular average of the magnetic field orientations where I > 3 σ I and P > 3 σ P .
The 12 CO(2-1) emission line is a good tracer of warm outflow material, and consequently, it highlights the outflow morphology. Figure 7 shows synthetic CO observations for three views at time 0.287 Myr, which are the same views depicted in Figure 3 . The first moment of the emission, which serves as a proxy for the outflow velocity, is overlaid. The central part of the core is cold and dense and, thus, exhibits little CO(2-1) emission in the edge-on views. In the x − y (face-on) view, the red-and blue-shifted gas overlaps such that the outflow direction is unclear, similar to the view in the top panel of Figure 3 . Likewise, the CO emission in the other two views correlates well with the actual outflow direction determined from the raw gas distribution. These synthetic observations underscore that our outflow identification gives similar results to that performed using molecular line observations.
To check for a possible coupling between the outflow and the magnetic field, we compare the changes in the orientations of the outflow and the field over time, looking for any correspondence between their behaviors. We define the change in orientation as the change of the magnetic field or outflow orientation with respect to the initial orientation. We presume that both the field and the outflow always move through an acute angle between one orientation and the next, i.e., neither the field nor the outflow rotates by over 90
• between subsequent time steps. Figure 8 shows changes in magnetic field orientation and outflow orientation as a function of time (with a time step of 0.1 Myr) for both S1.5 and S2.5. The evolutionary sequence shows visually that the outflow orientation changes significantly over the first 0.1 Myr of the protostar's lifetime. A video of the evolution of the outflow (traced by energy density) in the S2.5 simulation can be found online.
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In the highly magnetized simulation, S1.5, the changes in the angles of both the outflow and the magnetic field are smaller than in S2.5. When we remove the nearly faceon data (0 < θ < 30
• ) we see clearly that the magnetic field in the plane of the sky does not change orientation significantly over the Class 0 lifetime in S1.5, remaining within 30
• of its initial direction (see the top right panel of Figure 8 ). In contrast, the angle of the outflow in S2.5 does change angle significantly over the first 0.05 Myr, even when the face-on data are removed (see Figure 8 , bottom-right panel).
We should note that the system in S2.5 is a binary at early times. The merger of the primary and secondary at 0.38 Myr produces a large change in the primary outflow direction due to the addition of the two protostellar angular momenta (e.g., Fielding et al. 2015) . In the latter 0.05 Myr, the change in orientation plateaus in all planes, indicating that the outflow settles in one direction (between 0.05 and 0.08 Myr). This suggests that binarity may also impact the degree of alignment between the field and outflow. Wide binary outflows are often misaligned with each other Offner et al. 2016) , which suggests that misaligned outflows and magnetic fields are probably common in binary or multiple systems. This follows logically since both of the outflows can't be misaligned with each other while also both being aligned with the magnetic field. A simulation with the same magnetic field strength as S2.5 but no initial turbulence shows much less variation in the outflow orientation (Offner et al. in prep.) . This is consistent with prior laminar studies (Kataoka et al. 2012) .
We propose the following explanation for the behavior of the two simulations: in the highly magnetized case (S1.5), since the magnetic field is stronger, angular momentum is more efficiently removed from the turbulent gas, and consequently the net angular momentum of the accreting gas doesn't change much with time. In contrast, in the less magnetized core (S2.5) the field and outflows actively change from all perspectives, at least for the first half of the time examined. While binarity may play a role in the misalignment (see above), this more lively behavior could also be explained by a weaker magnetic field, which would be less efficient at removing angular momentum (see next section).
One caveat is that this study considers only two simulations. It is possible that the behavior of the outflow is less strongly coupled to that of the magnetic field and that the examples here coincidentally exhibit coupled behavior between magnetic fields and outflows.
Alignment of Fields and Outflows
We revisit the question of misalignment between outflows and magnetic fields observed in Class 0 sources by Hull et al. (2014) . We plot cumulative distribution functions (CDFs) of the projected angle between the average magnetic field and outflow orientations and determine the degree of alignment statistically, by viewing each system from the positive x-, y-and z-directions. The measurement of average magnetic field and average outflow orientation is described in §3.2; we define the difference between the magnetic field and outflow direction as the projected acute angle between them.
Following Hull et al. (2013 Hull et al. ( , 2014 , we obtain the expected distributions of projected alignments using Monte Carlo models. These models simulate pairs of vectors in three dimensions that are tightly aligned (0 − 20
• ), somewhat aligned (0 − 45
• ), preferentially perpendicular (70 − 90
• ), and randomly aligned. The simulation then projects the vectors onto the plane of the sky and measures their angular differences in two dimensions. Figure 9 shows the distributions for each type of alignment with blue dotted lines. The left panel of Figure 9 shows the CDF for all the data including both of the simulations. Tight alignment and preferential misalignment can unequivocally be ruled out (p < 10 −10 ). Both the somewhat aligned (0 − 45
• ) and randomly alignment distributions are also very statistically unlikely (p = 0.0004 and p = 0.0012, respectively).
As the combined CDF does not conclusively show clear alignment or misalignment between magnetic fields and outflows, we consider the distributions for S1.5 and S2.5 separately. These distributions are shown in the right panel of Figure 9 . In S1.5 (the highly magnetized core), there is more alignment between the magnetic field and the outflow than in S2.5 (the less magnetized core). The CDF for S1.5 is somewhat aligned (0−45 • , with p ≈ 0.01); however, the CDF for S2.5 is best described by a random alignment (p ≈ 0.3); all other alignments can be ruled out.
In ideal MHD, a more magnetized core with a greater magnetic field strength could be expected to remove angular momentum more efficiently, and therefore to show more alignment with the outflow. This explanation has some tentative support in the literature. Joos et al. (2013) performed MHD simulations of turbulent cores with misaligned magnetic fields and angular momentum vectors and found that stronger magnetic fields produced more collimated and higher-velocity outflows. However, they did not analyze the degree of alignment between the outflow and the magnetic field direction. Machida et al. (2006) and Kataoka et al. (2012) performed MHD studies of non-turbulent cores with different degrees of alignment between the rotation axis and the magnetic field direction. As expected, they found that magnetic breaking was more efficient in the strong-field case, but that disks formed with their major axes perpendicular to the mean field even when the angular momentum vector was misaligned. This might suggest that outflows would also be parallel to the field (an outflow is produced in only one of their models), which contradicts the observations of Hull et al. (2013) . Machida & Hosokawa (2013) also performed non-turbulent MHD simulations of protostellar cores and found that magnetic breaking suppressed outflow generation when the magnetic field was strong. However, since they did not include turbulence, the outflows are always aligned with the field direction. In our results, turbulence appears to be the key ingredient to produce misalignment between the outflow and field. However, exactly how this result depends on the mass-to-flux ratio requires a parameter study with a broader range of turbulence and field strengths.
Finally, we note that using only views from three directions has its limitations: first, this produces a statistically small number of "sources," and second, intermediate views between edge-on and face-on are excluded. A sample with a larger number of isotropically distributed views would be ideal; however, analyzing views from isotropic points on a sphere is beyond the scope of this study.
CONCLUSIONS
We have analyzed two ideal MHD simulations of protostellar cores with differing mass-to-flux ratios, and we have performed radiative transfer to model thermal dust emission. Having studied the qualitative and statistical properties of both the visualizations of simulation data and the synthetic dust polarization maps, we come to the following conclusions:
1. Polarization fraction increases when the system is viewed close to edge-on (where the magnetic field is close to the plane of the sky in our simulations), which suggests that sources observed to have high polarization fractions are likely to have ordered magnetic fields that lie close to the plane of the sky. This is consistent with the synthetic observations performed by Kataoka et al. (2012) .
2. The fractional polarization measurements from the simulation of the less magnetized core lie within the same range as observational measurements. In contrast, the fractional polarization measurements in the highly magnetized core frequently exceed the observed limits. This suggests that our synthetic "sources"-in particular those derived from the more highly magnetized simulation with a mass-to-flux ratios of M Φ =1.5-may be more strongly magnetized than typical Class 0 sources, including those studied by Hull et al. (2014) . However, we note that conclusions regarding the polarization fraction depend on the maximum grain alignment efficiency specified in DustPol. move through large angles on relatively short (∼ 0.01 Myr) timescales. In the less magnetized case, S2.5, the outflow and magnetic field orientations appear uncorrelated, suggesting that the direction of the angular momentum is not set by the magnetic field. However, there is more correlation between the outflow and magnetic field orientations in S1.5.
4. We construct CDFs of the projected angle between outflow angle and magnetic field orientations and find that S2.5 exhibits random alignment. This result is consistent with the observational survey by Hull et al. (2014) . S1.5 shows a higher degree of alignment, however, which is best described by models that are "somewhat aligned" between 0 − 45 • . The better alignment of fields and outflows in the more magnetized simulation S1.5 is consistent with previous studies (e.g., Matsumoto et al. 2006) ; however, exactly how this result depends on the mass-to-flux ratio requires a parameter study with a broader range of turbulence and field strengths.
Future work will improve upon this study specifically by exploring simulations with higher mass-to-flux ratios (i.e., less magnetized cores), different initial turbulent seeds, and a more diverse set of viewing angles.
Looking to the future of (sub)millimeter polarization observations: recent (as-of-yet unpublished) polarization data from ALMA have such high sensitivity that we are now able to probe the orientation of the magnetic field in forming stars on much smaller scales than were previously accessible to CARMA and the Submillimeter Array (SMA). These new observations are enabling not only studies of polarization at the scale of protoplanetary disks (where the polarization may be due to a combination of thermal dust emission and scattering: see Kataoka et al. 2015 Kataoka et al. , 2016a Yang et al. 2016b,a) but are also producing magnetic field maps with far more independent polarization detections across each individual source. These latter maps can be used to study the interplay between magnetic fields and turbulence in low-mass star-forming cores; because of limited image sensitivities, previous interferometric studies have mainly focused on high-mass star-forming regions (e.g., Houde et al. 2016) . Maps with many independent detections can also be used to study the importance of magnetic fields in shaping structure in a gravitationally-bound star-forming environment using methods like the "histogram of relative orientation," which studies the relative morphology of the magnetic field and the gas/dust (Soler et al. 2013; Planck Collaboration et al. 2016) . The methods used in this study to model and analyze dust emission from simulations allow us to put constraints on the role of magnetic fields in star formation and will be useful for interpreting the wealth of impending high-resolution, high-sensitivity observations by ALMA and other planned (sub)millimeter telescopes. While 15% is thought to be a reasonable value for the maximum grain alignment efficiency, we nonetheless explore the dependence of the maximum polarization fraction on the maximum grain alignment efficiency. We do this for both the edge-on and face-on cases and find that the edge-on cases (where the magnetic field is close to the plane of the sky) have higher polarization fractions for a given grain alignment efficiency. edge-on face-on Figure 10 . Maximum polarization fraction as a function of maximum grain alignment efficiency for both the edge-on and the face-on views of the S1.5 simulation at t = 0.353 Myr.
